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Crowding effect on helix-coil transition: beyond entropic stabilization 
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We report circular dichroism measurements on the helix-coil transition of poly(L-glutamic acid) in solution 
with polyethylene glycol (PEG) as a crowding agent. The PEG solutions have been characterized by small 
angle neutron scattering and are well described by the picture of a network of mesh size ^, usual for semi-dilute 
chains in good solvent. We show that the increase of PEG concentration stabilizes the helices and increases 
the transition temperature. But more unexpectedly, we also notice that the increase of concentration of 
crowding agent reduces the mean helix extent at the transition, or in other words reduces its cooperativity. 
This result cannot be taken into account for by an entropic stabilization mechanism. Comparing the mean 
length of helices at the transition and the mesh size of the PEG network, our results strongly suggest two 
regimes: helices shorter or longer than the mesh size. 

PACS numbers: 87.15.-v, 87.15. Cc, 87.15.hp 



Proteins are the functional macromolecules of the cell. 
Their smooth functioning depends on a determined three 
dimensional structure usually named as their "folded 
state" . The complete understanding of the way a lin- 
ear polypeptide chain passes from a disordered and ran- 
dom coil conformation to this folded state, i.e. the pro- 
tein folding process, is still puzzling and is a major chal- 
lenge for current biology. In cells, macromolecule crowd- 
ing and confinement play a central role in the thermo- 
dynamics of this folding process^. The main idea lies 
in an " entropic stabilization mechanism" : the excluded 
volume due the presence of interface (confinement) or 
other macromolecules (crowding) lowers the conforma- 
tional entropy of random conformations, which may fa- 
vor the formation and the stabilization of well organized 
structures?''^. In many cases, competition between differ- 
ent possible structures complicates the system and im- 
poses to introduce refinements in order to account for 
the geometry and size of the confinement space or of the 
crowding agent^. Model and simplified systems are entry 
points of this complexity. In this context, a- helix that is 
one of the two main structural elements of proteins is par- 
ticularly interesting, because helix-coil transition can be 
observed for homo-polypeptides. This allows us to get rid 
of the polyampholyte feature (presence in the same chain 
of positively and negatively charged monomers) and of 
the amphipathic feature (presence in the same chain of 
hydrophilic and hydrophobic monomers) of proteins. Re- 
garding studies of crowding effect, current trends of in 
vitro experiments are to use an inert crowding agent 
such as FicoU, a highly branched polysaccharide that 
behaves as compact and hard spheres, or polyethylene 
glycol (PEG) that behaves as a linear polymer in good 
solventH'l. 
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This paper is concerned with the helix-coil transition of 
poly(L-glutamic acid) embedded in a semi-dilute solution 
of long PEG chains, i.e. above their overlap concentra- 
tion in a regime where they become interwoven to form 
a network. In this regime^, the thermodynamic prop- 
erties of the solution are independent of the molecular 
weight and can be described using a single length scale 
f that only depends on the volume fraction of chains. 
This point is the main difference between previous^ and 
present works. 

We report circular dichroism measurements at different 
pH and concentrations of PEG as a function of temper- 
ature. These measurements give access to the helix frac- 
tion Xh of a chain that can be considered as the order 
parameter of the transition. In contradiction with recent 
molecular dynamics simulations^, but in agreement with 
the entropic stabilization mechanism, we show that the 
helix-coil transition temperature T* increases with PEG 
concentration. However, we show that unexpectedly the 
ratio T /T* is not a reduced variable for Xh, i.e. the curves 
Xh{T/T*) obtained for the different PEG concentrations 
do not superimpose. In the framework of a transition 
between two states of different energy, this result firstly 
demonstrates the cooperativity of the helix formation, 
i.e. the necessity to introduce a coupling parameter in 
the free energy, and secondly that this feature depends 
on the PEG concentration. 

The corollary of cooperativity is the existence of corre- 
lations in helix distribution. Traditionally, the first and 
simplest theoretical model introducing this ingredient is 
the Zimm-Bragg model* that can be mapped into a one 
dimensional Ising model with an external field^ and an 
attractive (ferromagnetic) coupling between adjacent he- 
lix turns. By analyzing our data in this framework, we 
find that the attractive coupling becomes less efficient 
for increasing concentration of PEG. Our results suggest 
two regimes depending on the extent of helical domains 
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compared to the mesh size of the PEG network. 



I. RESULTS 

A. Materials and methods 

Poly(L-glutamic acid) (molecular weight M^, ~ 
18kg/mol, polydispersity index 1.02) and polyethylene 
glycol (molecular weight Mpeg = 20kg/mol, polydisper- 
sity index 1.04) where purchased from Sigma Aldrich and 
were used without any further purification. 

Small angle neutron scattering (SANS) measurements 
were performed with PACE spectrometer (LLB neutron 
facility) at 20°C on PEG solutions in heavy water (^H20) 
in order to maximize contrast and minimize incoherent 
scattering. Data reduction was done following ref.-3. 

For circular dichroism (CD) measurements, aqueous 
solutions (light water ^H20, 10 mM phosphate buffer, no 
salt added) containing various concentrations of PEG (up 
to 30wt%) were vigorously agitated for at least two days 
in order to ensure complete dilution. The pH of the solu- 
tions was adjusted by addition of HCl and NaOH aqueous 
solutions. Before each measurement a small volume of 
relatively concentrated solution of poly(L-glutamic acid) 
was added in order to achieve a final peptide concen- 
tration of 10 /xM. Measurements were conducted using 
a JASCO J-815 CD spectrometer (CEA/DSV/iBiTec- 
S/SIMOPRO). Solutions were placed in quartz cuvettes 
with 1 mm path length. At the fixed wavelength of 
222 nm, temperature scans in the range of 5-95°C (heat- 
ing and cooling rates equal to 1 deg/min) were performed 
using a Peltier device. 



B. SANS characterization of PEG solutions 



where / is the coherent differential scattering cross sec- 
tion per unit volume and q the scattering vector. The 
mass of a chain segment of size ^ is m(^) = 1(0) /K'^(j)pEG, 
where = 4.3 x 10"'^ cm~-'^g~'^mol is the contrast fac- 
tor of PEG in heavy water. If a and rua denote the 
size and the mass of the monomer, for a semi-dilute so- 
lution i^/a and g — m{£^)/ma can be interpreted as the 
mean short distance and the curvilinear distance between 
neighboring polymer chains^, both expressed in monomer 
unit. Results are plotted in Figl2l We find ^/a = 
(1.1O±O.O2)0P°<Z™3 g ^ (i.i4±O.O2)0pi Ji±o oi 

in very good agreement with the scaling laws predicted 
for semi-dilute polymers in good solventS, but also with 
the measurement of second virial coefficients of PEG re- 
ported in the literaturei^. 
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FIG. 1. Coherent differential scattering cross section per unit 
volume and unit of PEG volume fraction //(^peg vs. scatter- 
ing vector q for PEG solutions at T = 20°C. Lines are best 
fits following Eq[2] 



Here, the crowding agent is polymer chains in semi- 
dilute solution. In this concentration regime, the ther- 
modynamic properties of the solution depends on a single 
length scale, f , that is independent of the length of the 
chains but depends only on their volume fractio n^^'^^ . In 
semi-dilute solutions the osmotic pressure that writes 



(1) 



with kT the thermal energy, is actually measured as 
being independent of the molecular weight of polymer 
chainsi2,. ^ being the correlation length of concentration 
fluctuations, it can be measured by SANS. Solutions of 
PEG in heavy water of different volume fractions, (/ipEGi 
have been characterized in this way at T = 20° C. Spectra 
are plotted in Fig[TJ They were fitted using a lorentzian 
shape following the Ornstein-Zernike approximation ex- 
pected for linear polymer in semi-dilute solution^: 
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SANS measurements were performed in heavy water. 
For chains in athermal solvent, isotopic substitution has 
no effect on static properties of the solution that remain 
inherent in the chemical structure of chains. However, 
water is not athermal for PEG and the local conforma- 
tion of chains certainly differs in ^H20 and ^H20. In most 
cases, isotopic substitution amounts to shift transition 
temperatures. For PEG in water, a linear decrease of the 
osmotic pressure with temperature has been reportedi^ 
for semi-dilute solutions. Following EqlU the correspond- 
ing variation of ^ with temperature can be evaluated as: 



^(0,T)=e('/',2O°C)x 



7r(0, 20°C) 



1/3 



(3) 



Results reported by Stanley & Strey^^= correspond to an 
increase of ^ by upmost 25% in oiu temperature range. 
Isotopic substitution is expected to have an even smaller 
effect. 
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, g=m(^)/m_^, m^=44 g/mol 
• ^/a, a=1.46A 
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FIG. 2. Mean short distance, ^/a, and curvilinear distance, 
g — m(^)/ma, between neighboring PEG chains vs. vol- 
ume fraction 0peg, measured at T = 20° C, with nia the 
molar mass of the monomer and a its length from ref.— . 
Straight lines are best power law fits corresponding to ^/a oc 
^-o^5±o.03 g ^ ^-i^iio.oi^ respectively. 



Circular dichroism 



temperature- window at pH=3.75, allowing an eventual 
stabilization even more pronounced to be studied. Note 
that at even smaller pH, poly(L-glutamic acid) clearly 
aggregates and precipitates. In this regime, this experi- 
mental issue is clearly evidenced by heating and cooling 
curves that do not superimpose. It can be reasonably 
assumed that at pll=3.75, a possible aggregation should 
be also revealed by a similar behavior. At pH=3.75, with 
a temperature ramp of 1 deg/min, the ellipticity displays 
an hysteresis smaller than 5% that allows us to reason- 
ably assume that the solution remains free of aggregates. 
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Circular dichroism measurements have been performed 
on poly(L-glutamic acid) aqueous solutions. We focused 
on the molar ellipticity per amino acid, 0, measured at 
222 nm that allows us to deduce the fraction of amino acid 
of poly(L-glutamic acid) involved in a-helices. In Fig|31 
the ellipticity measured as a function of temperature for 
heating rate equal to 1 deg/min is plotted for different 
pH values. In this figure, the horizontal dashed line indi- 
cates the value 6*1/2 = 9{T*) = {6(0) - 9{oo))/2 + 6(00) 
corresponding to the fraction 1/2 of helix amount at 
the transition temperature T*. The asymptotic value 
9 {00) was estimated from our measurements as equal to 
— 3500deg cm^ dmol^^, whereas 9{0) (corresponding to 
100% of helix) was taken as equal to —3.7 x 10^ deg cm^ 
dmol~^ according to refJ^. The intercept of each exper- 
imental curve with this line allows us to determine the 
transition temperature T*. The lower the ellipticity, the 
higher the helix amount, thus our measurements indicate 
clearly that for poly(L-glutamic acid) at a given temper- 
ature, the helix amount strongly decreases with increas- 
ing pH. Actually by increasing pH, carboxylic acid groups 
are dissociated leading to electrostatic repulsions between 
amino acids and thus to an increase of the effective bond 
enthalpy Hb of helix formation. This results in an in- 
crease of the transition temperature T*— . In this work, 
we have taken advantage of this feature to finely tune T* 
in the accessible temperature- window for experiments at 
atmospheric pressure. In Figl^l we can see that by de- 
creasing pH, the transition begins to enter the accessible 



FIG. 3. Molar ellipticity 6 at 222 nm per amino acid of poly (L- 
glutamic acid) solutions vs. temperature for different pH. The 
horizontal dashed line has an ordinate corresponding to 
the helix fraction 1/2. 

At pH=3.75, circular dichroism measurements have 
been performed as a function of temperature for differ- 
ent volume fractions of PEG. Results are plotted in FiglH 
Measurements indicate plainly the stabilization of helices 
with PEG addition. Despite that no hysteresis has been 
practically observed, the further data analysis were done 
only on rising-temperature curves in order to avoid pos- 
sible smearing effects. 

From the ellipticity measurements reported in Fig|4j 
the helix fraction Xh was computed following the relation: 



9{T)^9{oo) 
9{Q)~9{oo) 



(4) 



In FiglSl Xh is plotted as a function of the reduced tem- 
perature T /T* , where T* is determined by the intercept 
of each experimental curve with the 9if2 value. 



II. DISCUSSION 

Current theories on helix-coil transition only address 
the case of a single-molecule (volume fraction (/ipcptide ~^ 
limit with no peptide-peptide interactions) of infinite 
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FIG. 4. EUipticity 6 at 222 nm per amino acid of poly(L- 
glutamic acid) solutions at pH=3.75 vs. temperature for dif- 
ferent volume fractions of PEG. Full and open symbols cor- 
respond to rising and decreasing temperature curves, respec- 
tively. The horizontal line has an ordinate 9i/2 corresponding 
to the helix fraction Xh = 1/2. 
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FIG. 5. Helix fraction Xh of poly(L-glutamic acid) solutions at 
pH=3.75 vs. reduced temperature T/T* for different volume 
fractions of PEG. 



length (number of amino acids A'peptide oo). In the 
present study, we intended to work in this regime. Actu- 
ally: 

• Our measurement were performed in very dilute 
solution of peptide (iT^'peptidc — 2 x 10^''). In our 
knowledge in this concentration range, the effect of 
peptide-peptide interactions on the helix-coil tran- 
sition has never been observed. 

• The effect of the peptide length on helix/coil tran- 
sition has been studied and shown to be relevant 
for much more shorter chains as in our study. In 



this paper A^pcptido = 150, which we assume to be 
enough to correspond to the iVpoptido oo limit 
(note that the mean helix length at the transition 
that is reported below is much smaller than A^pcptidc 
and is thus consistent with this assumption). 

Our results will be discussed assuming a two-state 
transition between coil and helix. This point is not obvi- 
ous given that three states (or more) could be introduced 
(see e.g. ref?2S). However, this paper is concerned with 
the effect of crowding on the transition rather than a de- 
tailed analysis of its mechanism. For our purpose the 
two-state hypothesis is sufficient. Note that in FiglSl the 
curves obtained for different volume fractions of PEG do 
not superimpose. Without further analysis, this demon- 
strates that the helix-coil transition cannot be described 
by the Van't HofF equation for chemical equilibria, given 
that the latter would imply T/T* as being a reduced 
variable. 



A. Zimm-Bragg model 

The first and simplest model concerned with the helix- 
coil transition is due to B. H. Zimm and J. K. Bragg^. 
This model is widely used to describe experimental data 
and a basis of many refinements. In terms of the Zimm- 
Bragg model, taking the coil state as reference, the Gibbs 
free energy of a given monomer i writes: 

G, = -/is J - JsjSi+i (5) 

with Si = or 1 for coil and helix segments, respectively. 
Here, h corresponds to the free energy cost of a helical 
nucleus obtained by the formation of one hydrogen bond 
between i and i -\- A monomers: 

Hb~ TSi (6) 

where is the bond enthalpy and 5*4 the entropy loss 
resulting from fixing 4 monomers in a helix turn. For 
charged monomers, Hb is an effective bond enthalpy that 
accounts also for their electrostatic repulsions. The cou- 
pling parameter J accounts for a loss of entropy Si that 
is smaller in the case of adding only one monomer to a 
pre-existing helix turn. This term is purely entropic and 
can be written as: 

J = T{S4 - Si) (7) 

It can be viewed as the free energy cost of the helix ex- 
tremities. Traditionally, the Zimm-Bragg parameters s 
and a are introduced in order to express the statistical 
weights: 

as = e'^/'^^ (8) 

S ^ ^ih+J)/kT ^ ^iHB-TSi)/kT (^9^ 

corresponding to helix nucleation and propagation, re- 
spectively. One gets for a: 

a = e-^/'^^ (10) 
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Directly from the above definitions, one can see that s 
is temperature dependent, whereas a is not. For long 
chains, as a function of these parameters, the helix frac- 
tion Xh and the extent Nh of helical domains (average 
number of amino acids per helix block) write^i: 



s - 1 



2 2((s-l)2+4(7s)'/' 
2s 



1-s + ((s-1)2+4cts) 



1/2 



(11) 

(12) 



The fraction Xh,{s) displays a sigmoid shape. The slope 
{dxh/ds)i at the very point {xh = 1/2, s = 1) of equal 
helix and coil amounts defines the abruptness of the tran- 
sition. Eg fTTl gives {dxh/ds)i = Xj^a'^l'^. 



B. Data analysis 

Experimentally, Xfi{T) should be more conveniently 
used. However due to the primitiveness of the Zimm- 
Bragg model, a direct data fitting using Eg fTTl expressed 
as a function of temperature leads usually to poor re- 
sults (see for instance ref<^). In the literature, many 
improvements of the Zimm-Bragg model are proposed 
(see for instanc o^^i^^" — ) . For our part, we focused our 
data analysis on the near vicinity of the transition tem- 
perature and assumed that, in this narrow temperature 
range, the Zimm-Bragg model captures the main features 
of the helix-coil transition. The transition temperature 
corresponding to {xh ~ 1/2, s — 1) writes: 



EqEllII] and m yield: 

dxh 



d{T/T*) 



T=T' 



k 



4crl/2 



(13) 



(14) 



In practice, Si/k has been measured as being of the order 
of Ii2&i21. This value will be retained in the following. 
Note that at the transition temperature T*, the extent 
of helical domains remains finite and from Eqll2l equal 
to: 



Nh{T*) 



1 



-1/2 



(15) 



Helices being rod-like, their extent allows us to define a 
correlation length Lh of helical domains: 



ix^x5.4A 
2 3.6 



(16) 



since the repeat unit of a-helix corresponds to 3.6 
residues and 5.4 A. Similarly to the notion of persistence 
length vs. Kuhn length in polymer physics, the factor 
1/2 comes from correlations that are symmetrical with 
respect to an arbitrary origin. 

Summary of our results for T*, cr, and are 
reported in Table HI For increasing concentration of 



PEG, we observe a systematic variation of the slope of 
Xh{T/T*) at T* (see FiglSJ that corresponds to an in- 
crease of the Zimm-Bragg parameter a and a correspond- 
ing decrease of the correlation length Lh of helical do- 
mains. Note that the model-dependent values here re- 
ported for Lh are in very good agreement with the value 
directly measured by Muroga et al.^* at 0peg = by 
small angle X-ray scattering on poly(L-glutamic acid) at 
the transition temperature. 



TABLE I. Summary of the results obtained by circular dichro- 
ism measurements: transition temperature T*; Zimm-Bragg 
parameter cr deduced from the slope at T* of 0{T)\ extent 
and correlation length Lh of helical domains at the transition. 



0PEG 


r* 


(7 


Nh 


Lh 


% 


K 


xlO^ 




A 





284 


3.45 ± 0.05 


18.1 ±0.1 


13.6 ±0.1 


5 


297 


4.1 ±0.1 


16.6 ±0.2 


12.4 ±0.2 


7.5 


305 


4.8 ±0.1 


15.4 ±0.2 


11.6 ±0.2 


10 


313 


6.4 ±0.2 


13.5 ±0.2 


10.4 ±0.1 


20 


330 


8.3 ±0.3 


12.0 ±0.2 


8.8 ±0.1 


30 


342 


8.8 ±0.2 


11.6 ±0.1 


8.7±0.1 



C. Variation of the solvent quality 

Let us first consider a possible change of the solvent 
quality due to the increase of PEG concentration, i.e. the 
co-solute. Such effect of the co-solute on the helix-coil 
transition has been theoretically studied in ref»^. The 
authors classify the solvent quality changes into two cat- 
egories. The first one acts on the Zimm-Bragg parameter 
s resulting in a shift of the transition temperature (e.g. 
variation of the pH enters in this category). The second 
category concerns the variation of the hydrogen-bonding 
ability of the solvent due to the co-solute. For instance, 
one may imagine that the co-solute preferentially binds 
to helix extremities, lowering their free energy and then 
increasing the Zimm-Bragg parameter a but remaining s 
unaffected. From ref.^^, one would expect: 



1/2 



-J/fcT, 



(17) 



where J is the free energy of a helix extremity in contact 
with the co-solute with a probability Pcontact — <P- Of 
course, the co-solute could also bind to the helix body 
(but with a different affinity constant than for the ex- 
tremities) , resulting in a change of the parameter s and 
a shift of the transition temperature, such as the co-solute 
could be responsible for effects of both categories. How- 
ever, a change of the solvent quality with PEG addition 
should be independent of the chain length and in partic- 
ular should be observed for small PEG chains. This is 
not the case. In refi^, on the same poly(L-glutamic acid) 
system but with short PEG chains (400g/mol), the au- 
thors report a stabilization of the helices (as in our exper- 
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iments), but no change of cooperativity of the transition 
was reported. 



D. Entropic stabilization 

The number of possible states of a peptide chain is 
proportional to the accessible volume that is decreased by 
the crowding agent. For a given volume fraction 0peGj 
the entropy of the peptide chain is: 



X 10 ■ 



pH=3.75, Mp^j,=20kg/mol 



^(0PEG) = ^(O) + A:ln(l-0PEG) 



(18) 



The basic idea to account for the impact of a crowd- 
ing agent on structural transitions amounts to summa- 
rize its action to this "excluded volume effect" on the 
entropy. In this framework, the equilibrium temperature 
HB/S{(j>pEG) is expected to vary as: 



1 



1 



CPEG) 



T*(0) 



n 1 



^peg) (19) 



In Figini the reverse transition temperature 1/T* is plot- 
ted as a function of ln(l — (/)peg) for the data ob- 
tained at pll=3.75 (fuU symbols). In this figure, the 
straight lines are guides for the eyes with slopes taken 
from the literature as equal to fc/iJe — 1/560 K (i.e. 
Hb = 1120cal/mole from ref;^ for fully protonated 
glutamic acid monomers) and k/HB = 1/317K (i.e. 
Hb = 630cal/mole from ref.-^ for fully dissociated glu- 
tamic acid monomers), respectively. At least in the 
regime of low concentrations of PEG, our results seem 
in better agreement with this latter value rather than 
with the former. At pH=3.75, poly(L-glutamic acid) is 
certainly not fully, but only partly dissociated (the pKa 
of poly(L-glutamic acid) is of the order of 2.1). Thus, 
this result could indicate a co-solute effect of the first 
category that was discussed in the previous section, i.e. 
PEG probably lowers a bit the effective hydrogen bond 
enthalpy Hb- 

In Figini our data are compared to those measured 
by Stanley & Sprey^ at pll=5.8 (open symbols) for small 
PEG chains (Mpeg = 400g/mol). At this pH, helices are 
much less stable and transition temperatures are shifted 
to lower values and cannot be directly compared to ours. 
However, their variations with ^ipEG should be similar 
and should also obey EqlTOl One can see that from this 
point of view, both sets of data are quite comparable and 
equally compatible with the values of Hb reported in the 
literature. 

Let us put the emphasis on this latter point. By find- 
ing 1/T* vs. (f>pEG consistent with Eq[T9]and the value 
of Hb reported in the literature, we show that the sol- 
vent quality with respect to poly(L-glutamic acid) does 
not vary significantly with PEG addition but also with 
temperature (at least between 280 and 340 K, i.e. the 
range of measured T*). 

From Eql?! the coupling parameter J (and a defined by 
Ea llOp results from a difference of two entropy terms that 
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FIG. 6. Reverse transition temperature 1/T* vs. logarithm 
of the accessible volume fraction ln(l — (ppEc)- Straight lines 
are guides for the eyes with slopes equal to 1/560 K'''' for fully 
protonated (dashed lines) and 1/317 K— for fully dissociated 
(full lines) glutamic acid monomers, respectively. Full sym- 
bols: present work (pH=3.75). Open symbols: from Fig. 5 in 
ref.i^ (pH=5.8). At this latter pH, T*(0) (intercept of dashed 
and full lines) is not accessible. It has been arbitrary set to 
235 K in order the green dashed line fits the data points of 
rel^. 



both are increased by the same quantity with PEG addi- 
tion (Eq |18l) . Thus, an entropic stabilization mechanism 
alone would allow us to expect that a is independent of 
'/'PEG J which is clearly in disagreement with our finding. 
Thus, a supplementary mechanism has to be proposed. 



E. Polymeric nature of the crowding agent 

In this paper, we would like to point out the poly- 
meric nature of PEG as a crowding agent, a point that 
has not been considered so far. In this concentration 
range, the static properties (i.e. thermodynamics, struc- 
ture) of PEG solutions depend on a single characteris- 
tic length, which so naturally can be compared to the 
correlation length of the helical domains. In FiglTl the 
average number Nh{T*) of amino acid per helix at the 
transition is plotted as a function of the ratio of the only 
two lengths Lh{T*)/^ in our system. In this figure, ei- 
ther ^ measured at 20°C or £,{T*) calculated from EqE] 
and ref.— are used to compute the x-coordinate. The 
result strongly suggests two regimes {Lh{T*) <C C and 
f ^ Lh{T*) separated by a wide crossover. 

Long PEG chains are semi-dilute and form a network of 
characteristic length ^ that can be viewed as a mean dis- 
tance between two chains. Thus by definition, at length 
scales below ^, a chain is alone and only the interactions 
between monomers belonging to the same chain are rele- 
vant. In contrast, beyond ^, a given monomer experiences 
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FIG. 7. Top: reverse correlation length Lh{T*) of helices at 
the transition vs. reverse mesh size ^ of the PEG network. 
Bottom: average number Nh{T*) of amino acid per helix at 
the transition vs. the ratio Lh{T*)/^. The close symbol at 
x-coordinate equal to corresponds to (/f>pEG ~ (i.e. ^ — >■ 
oo). Either ^ measured at 20°C (circles) or 4(T*) (squares) 
calculated from Eq[3] and ref.— are used to compute the x- 
coordinate. 



interactions and contacts with other chains. In good sol- 
vent, classically this results in a swollen conformation 
of the chain below ^ (monomers of a given chain repeal 
each other) that becomes gaussian beyond ^ (repulsions 
are screened due to the presence of other chains)^. In the 
absence of any specific interaction between dilute chains 
of poly(L-glutamic acid) chains and semi-dilute PEG, the 
first are fully embedded and participate in the PEG net- 
work. FiglT] may suggest that in the same way as local 
swelling of PEG chains is screened above ^, the ther- 
modynamics of helix growth could also be influenced by 
binary-contacts with the PEG network. 

Note that in this picture, for a given PEG concen- 



fitted in the entire temperature range with a model (such 
as the Zimm-Bragg model) that does not introduce the 
characteristic size of the network. 



III. CONCLUSION 

We report circular dichroism measurements on the 
helix-coil transition of poly(L-glutamic acid) in semi- 
dilute solutions of PEG as a crowding agent that has 
been fully characterized by small angle neutron scatter- 
ing. We show that the increase of PEG concentration 
stabilizes the helices and increases the transition tem- 
perature. This point, which has been already reported 
for other crowding agent species, is in agreement with an 
"entropic stabilization mechanism". However, we also 
notice that the increase of crowding agent concentration 
reduces the mean helix extent at the transition, or in 
other words reduces its cooperativity. To our knowledge, 
this result has not been reported previously and cannot 
be accounted for by an entropic stabilization. Compar- 
ing the two lengths of the system, i.e. mean length of 
helices at the transition and mesh size of PEG network, 
our results strongly suggest two regimes: helices shorter 
or longer than the mesh size, each regime having its own 
value for the Zimm-Bragg parameter a that characterizes 
the cooperativity of the transition. 

A posteriori, our results are not so surprising. Helix- 
coil transition is described by introducing a mean length 
of helical domains. Here, we have introduced a second 
length scale in the system with the PEG network. We 
observed that the growth of the former is hindered by 
the latter. In a sense, our result makes the physics of 
crowding-effects in some cases closer to that of phase 
transition in confined media. Until now, these kinds of ef- 
fect have not been considered from a theoretical point of 
view and we hope that our measurements will contribute 
to stimulate works in this direction. 
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